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FATIGUE CRACK PROPAGATION IN 2024-T3 AND 7075-T6 

ALUMINUM ALLOYS AT  HIGH  STRESSES 

Robert  G.  Dubensky 

at 

UNIVERSITY OF AKRON 

Akron,  Ohio 

ABSTRACT 

Stable  fatigue-crack-growth  rates  were  measured  at  high  stresses 

in axial-load  fatigue  tests on 12-inch  wide  sheet  specimens  made of 

7075-T6  and  2024-T3  aluminum  alloys.  These  tests  were  made  at  stress 

ratios R (ratio  of  the  minimum  stress to the  maximum  stress) 

ranging  from 0 to 0.7  and  at  maximum  stress  levels  ranging  from 

55  to  72.5 ksi  for  the  7075-T6  alloy  and  30 to 52.5 ksi for  the 

2024-T3  alloy. 

The  elastic  stress-intensity  method  was  used  to  correlate  the 

measured  rates.  In  addition,  a  modified  stress-intensity  method  was 

derived  by  combining  Rice's  cyclic  stress  intensity  method  with  the 

modified  (for  plasticity)  stress-intensity  method  proposed  by  Irwin, 

Dugdale,  and  Newman.  For  a  given  R  value,  fatigue-crack-growth 

rates  in  7075-T6  were  nominally  a  single-valued  function  of  the 

elastic  stress-intensity  range  and  of  the  modified  stress  intensity 

ranges. At each  R  value,  fatigue-crack-growth  rates in 2024-T3 

below  a  value  of 1 x in./cycle  were  nominally  a  single-valued 



function  of  the  elastic  stress-intensity  range  and  of  the  modified 

stress-intensity  ranges.  However,  fatigue-crack-growth  rates in the 

2024-T3 above  approximately 1 x  in./cycle  were  ordered  according 

to  the  maximum  applied  stress  for  all  methods. 

Fatigue-crack-growth  in 7075-T6 always  became  unstable  and 

static  fracture  occurred  as  the  fatigue-crack-growth  rates  approached 

4 x in./cycle,  whereas  stable  fatigue-crack-growth  rates  up  to 

4 x 10-1 in./cycle  were  observed  in 2024-T3. All  curves  of  rate 

plotted  against  range  of  stress-intensity  show  the  definite  reflex 

curvature  at  the  high  R  values  in  the 7075-T6 alloy  and  at  most  R 

values in the 2024-T3 alloy. 

INTRODUCTION 

Fatigue  cracks  may  initiate  early  in  the  life  of  cyclically 

loaded  structural  components,  ref. 1. Therefore,  the  useful  life  of 

these  components  is  determined  by  the  rate  at  which  these  fatigue 

cracks  propagate.  The  rate  of  fatigue  crack  propagation  was  shown 

to  be  a  function  of  the  elastic  stress  intensity  range, AK, and  the 

stress  ratio, R, for  constant  amplitude  loading,  ref. 2.  To  insure 

that  the  elastic  stress-intensity  analysis  was  applicable  to  the  data 

generated  in  ref. 2 ,  the  ratio  of  the  maximum  applied  stress  to  the 

yield  stress  was  kept  below 0 . 6 .  However,  under  actual  service 

conditions  (pressure  vessels,  for  example)  the  ratio  of  the  maximum 

applied  stress  to  the  yield  stress  can  be  much  closer  to 1. Accord- 

ingly,  an  investigation  was  conducted  to  study  fatigue-crack-growth 
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rates  produced  by  stresses  approaching  the  material  yield  stress. 

Axial-load  fatigue-crack-growth  tests  were  conducted on  sheet 

7075-T6  and  2024-T3  aluminum-alloy  specimens.  The  stress  ratios 

used in these  tests  ranged  from 0 to 0.7. 

The  data  were  analyzed  by  using  stress-intensity  analysis 

methods.  These  methods  included  the  elastic  stress-intensity 

analysis,  and a modified  stress-intensity  analysis  derived  by  com- 

bining  Rice's  cyclic  stress  intensity  method  (ref. 3)  with  the 

modified  (for  plasticity)  stress  intensity  methods  proposed  by  Irwin 

(ref. 4 ) ,  Dugdale  (ref. S), and  Newman  (ref. 6 ) .  A comparison  was 

made  between  the  capabilities of the  different  methods  to  correlate 

the  data. 

SYMBOLS 

A 

a 

B 

K 

%ax 

.A K 

material  constant 

one-half  of  total  length  of a central  symmetrical 

crack,  inches 

material  constant 

elastic  stress-intensity  factor,  ksi-in. 

elastic  stress-intensity  factor  corresponding  to  maximum 

cyclic  stress, a smax ( 7~ a)ll2,  ksi-in. 'I2 

elastic  stress-intensity  factor  corresponding  to  minimum 

cyclic  stress, a Smin ( 7~ ksi-in.ll2 

range  of  elastic  stress-intensity  factor, Qax - Kmin, 

ksi-in. 
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.A K(D) r a n g e   o f   s t r e s s - i n t e n s i t y   f a c t o r   i n c l u d i n g   t h e   c o r r e c t i o n  

f o r   p l a s t i c i t y   p r o p o s e d  by Dugdale,  ksi-in.  112 

A ~ ( ~ ~ i ~ )  r a n g e   o f   s t r e s s - i n t e n s i t y   f a c t o r   i n c l u d i n g   t h e   c o r r e c t i o n  

f o r   p l a s t i c i t y   p r o p o s e d  by I rwin ,   k s i - in . l l 2  

r a n g e   o f   s t r e s s - i n t e n s i t y   f a c t o r   i n c l u d i n g   t h e   c o r r e c t i o n  

f o r   p l a s t i c i t y   p r o p o s e d  by Newman, ksi-in.1/2 

number of cyc le s  

ampli tude of  l o a d   a p p l i e d   i n  a c y c l e ,   k i p s  

mean l o a d   a p p l i e d   i n  a cyc le ,   k ips  

maximum l o a d   a p p l i e d   i n  a c y c l e ,  Pm + Pa, k ips  

minimum l o a d   a p p l i e d   i n  a c y c l e ,  Pm - Pa,   kips  

r a t i o   o f  minimum stress t o  maximum stress 

app l i ed  stress, k s i  

a l t e r n a t i n g  stress, Pa /wt ,   k s i  

mean stress, Pm/wt, k s i  

maximum gross  stress, Pmax/wt, k s i  

minimum gross  stress, Pmin/wt, k s i  

range of app l i ed  stress, k s i  

specimen  thickness ,   inches 

specimen  width,   inches 

c o r r e c t i o n   f o r   f i n i t e   w i d t h   o f   p a n e l ,   ( s e c  - Ta 

a c t u a l   p l a s t i c   z o n e   s i z e ,   i n c h e s  

p l a s t i c  zone s ize   p roposed  by the  Dugdale  model,   inches 

p l a s t i c  zone s ize   p roposed  by the  I rwin  model ,   inches 

p l a s t i c  zone s i ze   p roposed   t he  Newman model,  inches 
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material y i e l d  stress, k s i  

SPECIMENS, TESTS, AND PROCEDURES 

Specimens 

The  7075-T6 and 2024-T3 aluminum-alloy  sheet material t e s t e d  was 

t aken   f rom  the   spec ia l   s tock   r e t a ined   fo r   f a t igue   t e s t ing  a t  t h e  NASA 

Langley  Research  Center.  Reference 7 g i v e s   t h e   f a t i g u e   p r o p e r t i e s  

o f   t h i s  material. Table 1 lists . t h e   t e n s i l e   p r o p e r t i e s   o b t a i n e d  by 

us ing   s t anda rd  ASTM specimens  and  testing  methods. 

Fatigue  crack  growth  experiments were conducted  on  sheet  specimens 

12   inches   wide ,  35 inches  long  and  with a nominal  thickness  of 0.090 

i n c h ,   f i g u r e  1. A crack starter notch  0.10  inch  long by 0.01  inch  wide 

was cut   in to   the   cen ter   o f   each   spec imen by an electrical  d i scha rge  

p rocess .   S ince   on ly   ve ry   l oca l i zed   hea t ing   occu r s   i n   t h i s   p rocess ,  

v i r t u a l l y  a l l  o f   t he  material through  which  the  fa t igue  crack 

propagates  i s  unchanged by t h e   c u t t i n g   p r o c e s s .  The l o n g i t u d i n a l   a x i s  

of a l l  specimens w a s  paral le l  t o   t h e   r o l l i n g   d i r e c t i o n  of t h e   s h e e t s .  

A r e f e r e n c e   g r i d   w i t h   l i n e s   s p a c e d  0.050 inches   apa r t  was photo- 

graphical ly   pr inted  on  the  surface  of   the  specimen  to   measure  crack 

growth.   Previous  metal lographic   examinat ion  and  tensi le  tests of 

spec imens   w i th   t h i s   g r id   i nd ica t ed   t ha t  i t  had no  damaging e f f e c t   o n  

t h e  material. 

Tes t ing  Machine 

The f a t i g u e   t e s t i n g  machine  used was a combination  subresonant 
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and  hydraul ic   machine  with a capacity  of  132,000  pounds,   ref.  8. A l l  

tests i n   t h i s   i n v e s t i g a t i o n  were conducted   us ing   the   hydraul ic  mode 

of ope ra t ion   w i th   ope ra t ing   f r equenc ie s   r ang ing   f rom 4 t o  25 cpm. 

Loads were cont inuously  monitored  on  this   machine by measuring  the 

output  of a s t ra in-gage   br idge  on a dynamometer i n  series wi th   t he  

specimen. The maximum l o a d i n g   e r r o r  was ?1 percent   o f   the   appl ied  

load .  

Test Procedure 

Axia l - load   fa t igue   c rack   propagat ion  tests were conducted a t  

stress r a t i o s   o f  0 ,  0.33,  0.5,  and 0 .7   fo r   t he  7075-T6 and  the 

2024-T3 aluminum a l l o y s .  Tests were conducted a t  a number of maximum 

stress l e v e l s   f o r  a given stress rat io .   These  values   ranged  f rom 

55 k s i   t o   7 2 . 5   k s i   f o r  7075-T6, and  from 30 k s i   t o   5 2 . 5   k s i   f o r   t h e  

2024-T3 a l l o y .  Both a l t e r n a t i n g  and mean loads  were kept   cons tan t  

throughout  each tes t .  Dupl ica te  tests were conducted a t  s e l e c t e d  

stress l e v e l s   t o   e s t a b l i s h   t h e   r e p e a t a b i l i t y  of r e s u l t s   i n   e a c h  

material. All o t h e r   r e s u l t s  are based  on  the tes t  of a s ingle   spec imen.  

I n  a l l  o f   t h e  tests, the  specimens were clamped  between  guide 

p l a t e s   t o   p r e v e n t   b u c k l i n g  and  out-of-plane  vibrat ions  during  tes t ing.  

A l i g h t l y   o i l e d   p a p e r   l i n e r  w a s  inser ted   be tween  the   sur faces   o f   the  

specimen  and  the  guides.  None of t h e   o i l  w a s  o b s e r v e d   t o   e n t e r   t h e  

c r a c k   d u r i n g   t e s t i n g ;   t h u s ,   t h e   o i l  was n o t   e x p e c t e d   t o   a f f e c t   t h e  

crack  growth. A cutout   one-inch  wide  across   one of t h e   g u i d e   p l a t e s  

pe rmi t t ed   t he   c r ack   t i p   t o   be   obse rved .  
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Fatigue-crack-growth  data were obtained  using a 70 mm close-up 

camera which was a c t i v a t e d  by a n   e l e c t r o n i c   s y s t e m .   I n i t i a l l y  

photographs were taken   a f te r   every   100   cyc les   o f   appl ied   load ,   and  

t h i s   i n t e r v a l  w a s  con t inua l ly   dec reased   un t i l   pho tographs  were taken 

as o f t e n  as every  cycle  when the  crack  growth rates were  high  near 

t h e  end  of  each test. This   system  photographed  the  cracked  sect ion 

of the  specimen a t  t h e  maximum a p p l i e d   l o a d   t o   o b t a i n  maximum 

c r a c k   d e f i n i t i o n ,  and  superimposed  an  image of the   machine ' s   cyc le  

counter.   Thus,   each  frame  of  f i lm showed the   c r ack   i n   t he   spec imen ,  

t h e   r e f e r e n c e   g r i d ,  and t h e  number of   appl ied  load  cycles .   Accurate  

crack-length-against-cycles   curves  were obtained  f rom  the  data  on 

these   f i lms .  

A l l  tests were conducted   under   cont ro l led   l abora tory   condi t ions  

wi th  a nominal  temperature of 74' F and a nominal   re la t ive   humidi ty  

of 7 5  percent .  

RESULTS AND DISCUSSION 

Fatigue-Crack-Growth Data 

Data r e s u l t i n g  from the  fatigue-crack-growth tests conducted  on 
7 

7075-T6 and 2024-T3 specimens are p resen ted   i n   Tab le s  2 and 3 .  These 

t a b l e s  show the   ave rage  number  of cyc les   requi red   to   p roduce   c racks  

of equa l   l eng th ,  a ,  on both  s ides   of   the   specimens.  The longes t   c r ack  

l e n g t h  shown i n   e a c h  a column was the   l ength   measured   one   o r  two 

cyc le s   be fo re   f i na l   spec imen   f a i lu re   occu r red .   Fa t igue -c rack -g rowth  

rates, da/dN,  presented i n   t h i s   p a p e r  were determined by g raph ica l ly  
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measuring  the  slopes  of  the  crack  growth  curves  defined in Table  2 

and  Table  3. 

.Elastic  Stress  Intensity  Analysis ~ ~ of ~~ Data 

Fatigue-crack-growth  rates  from  this  investigation  (noncircular 

symbols),  and  from  the  investigation  reported  in  reference 2 

(circular  symbols),  are  plotted  against  the  elastic  stress-intensity 

range, A K, in  figure 2. (A  brief  discussion  of  the  elastic  stress- 

intensity  analysis  is  given  in  the  Appendix).  For  a  given  positive 

stress  ratio,  the  crack  growth  rates  in  7075-T6  were  nominally  a 

single-valued  function  of AK for  all  stress  levels.  Similarly, 

crack  growth  rates  in  2024-T3  below  approximately 1 x  in./cycle 

were  nominally  a  single-valued  function  of AK. However,  crack  growth 

rates  in  2024-T3  above 1 x  in./cycle  were  not.  These  higher 

rates  were  ordered  according to the  stress  level,  i.e.,  the  higher 

the  value  of  Sma  in  the  test,  the  higher  the  rate of crack  growth 

for  a  given  value  of AK. 

Two additional  observations  can be made  from  figure 2. First, 

all  fatigue-crack-growth  rates  in  7075-T6  were  below 4 x lo-’  in.  /cycle, 

indicating  that  fatigue-crack-growth  rates  became  unstable  and  static 

fracture  occurred  as  they  approached  this  value.  However,  stable 

fatigue-crack-growth  rates  up  to 4 x 10-1 in./cycle  were  observed  in 

2024-T3.  Second,  figure 2 shows  that  a  pronounced  reflex  curvature 

occurs  at  the  high R values  in  the  7075-T6  alloy  and  at  most R values 

in  the  2024-T3  alloy  (as  predicted  in  reference 2). 
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Modi f i ed   S t r e s s   In t ens i ty   Ana lys i s   o f  Data 

Fat igue-crack-growth   da ta   f rom  th i s   inves t iga t ion   and   f rom  the  

i n v e s t i g a t i o n   r e p o r t e d   i n   r e f e r e n c e   2 ,  were a l s o   a n a l y z e d   u s h g  a 

mod i f i ed   s t r e s s - in t ens i ty   ana lys i s   de r ived  (see t h e  Appendix)  by 

combining Rice's c y c l i c   s t r e s s - i n t e n s i t y  method wi th   the   modi f ied  

( f o r   p l a s t i c i t y )   s t r e s s - i n t e n s i t y  method  proposed by I rwin   ( re f .   4 ) . ,  

Dugdale ( r e f .  5 ) ,  and Nekan   ( r e f .   6 ) .   Fo r  a g i v e n   p o s i t i v e  stress 

ra t io ,   c rack   growth  rates i n  7075-T6 were nominally  single-value 

func t ions   o f   t he   mod i f i ed   s t r e s s - in t ens i ty   r ange   r ega rd le s s   o f   whe the r  

the   I rwin ,   Dugdale ,   o r  Newman p l a s t i c i t y   c o r r e c t i o n  w a s  u sed ,   f i gu re  

3. 

A s  wi th   t he  elastic s t r e s s - in t ens i ty   ana lys i s ,   c r ack   g rowth  

rates i n  2024-T3 below  approximately 1 x i n . / c y c l e  were 

nominally a s ingle-va lued   func t ion   of  AK r e g a r d l e s s  of  whether  the 

Irwin,  Dugdale,   or Newman p l a s t i c i t y   c o r r e c t i o n  w a s  used. However, 

crack  growth rates i n  2024-T3 above 1 x i n .   / c y c l e  were n o t .  

Figure 4 shows these   h ighe r  rates o rde red   acco rd ing   t o   t he  stress 

level ,  i .e . ,  t he   h ighe r   t he   va lue   o f  Smax i n   t h e  test ,  t h e   h i g h e r   t h e  

rate of   crack  growth  for  a given  value  of  AK. 
Figure   2 (a ) ,   and   f i gu res   3 (a ) ,   3 (b ) ,   and   3 (c )   i nd ica t e   t ha t   fo r  

7075-T6 t h e  elastic and   modi f ied   s t ress - in tens i ty   ana lys i s   methods  

c o r r e l a t e   t h e   d a t a   e q u a l l y  well. L ikewise   f i gu re   2 (b ) ,   and   f i gu res  

4 (a )  , 4 (b) , and 4 ( c )   i n d i c a t e   t . h a t   f o r  2024-T3 t h e  elastic and  modified 

s t r e s s - i n t e n s i t y   a n a l y s i s  methods c o r r e l a t e   t h e   d a t a   e q u a l l y  w e l l  a t  
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rates  below 1 x in./cycle.  However,  neither  the  elastic  nor 

modified  stress-intensity  method  correlate  the  data  at  rates  above 

1 x in./cycle.  Results  in  reference 6 indicate  that  the  modified 

stress-intensity  method  is  able  to  correlate  fracture  toughness  data 

on  relatively  tough  materials  with  varying  degrees  of  success. 

CONCLUSIONS 

Axial-load  fatigue-crack-growth  tests  were  conducted on 12-inch 

wide,  0.090-inch  thick  specimens  made  of  7075-T6  and  2024-T3  aluminum 

alloys.  These  tests  were  performed  to  study  fatigue-crack-growth 

behavior  at  high  stress  levels,  and  to  determine  the  ability  of  the 

elastic  stress-intensity  analysis,  and  of  a  separate  modified  stress- 

intensity  analysis  derived  by  combining  Rice's  cyclic  stress-intensity 

method  with  the  modified  (for  plasticity)  stress-intensity  methods 

developed by Irwin,  Dugdale,  and  Newman  to  correlate  the  data  generated 

in  this  investigation  and  in  the  investigation  reported  in NASA TN 

D-5390.  The  stress  levels  applied in this  investigation  ranged  from 

55  to  72.5 ksi  for  the  7075-T6  and  from 30 to  52.5 ksi for  the 

2024-T3.  The  stress  ratios  (ratio  of  the  minimum  stress  to  the  maximum 

stress)  ranged  from 0 to  0.7.  The  following  conclusions  were  drawn  from 

this  investigation. 

1. For  a  given  R  value,  fatigue-crack-growth  rates  in 

7075-T6  were  nominally  a  single-valued  function  of  the  elastic  stress- 

intensity  range  and  of  the  modified  stress-intensity  ranges. 

2. For  a  given  R  value,  fatigue-crack-growth  rates in' 
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2024-T3 below a va lue   o f  1 x i n . / c y c l e  were nominally a s i n g l e -  

va lued   func t ion   of   the  e las t ic  s t r e s s - in t ens i ty   r ange   and   o f   t he  

modif ied  s t ress- intensi ty   ranges.   However ,crack  growth rates i n   t h e  

2024-T3 above  approximately 1 x i n . / c y c l e   e x h i b i t   a n   o r d e r i n g  

acco rd ing   t o   va lues   o f   t he  maximum app l i ed  stress f o r  a l l  methods. 

3. The  fatigue-crack-growth i n  7075-T6 appear t o  become 

uns tab le   and  s t a t i c  f r a c t u r e   o c c u r r e d  as the  fatigue-crack-growth 

rates approached 4 x i n .   / c y c l e .  However, s t a b l e  f atigue-crack- 

growth rates up t o  4 x lo-' i n .   / c y c l e  were observed i n  2024-T3. 

4. A r e f l ex   cu rva tu re   occu r red   i n   p lo t s   o f   c r ack   g rowth  

rate a g a i n s t   s t r e s s - i n t e n s i t y   r a n g e  a t  t h e   h i g h e r  R va lues   fo r   bo th  

7075-T6 and 2024-T3. 
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APPENDIX 

METHODS OF  ANALYSIS 

L inea r  .~ Elastic S t r e s s   I n t e n s i t y   A n a l y s i s  

The l i n e a r  elastic stress i n t e n s i t y   f a c t o r  is a l o c a l  stress 

pa rame te r   wh ich   r e f l ec t s   t he   i n t ens i ty   o f   t he  elastic stresses a t  a l l  

p o i n t s   s u r r o u n d i n g   t h e   t i p  of a crack.  For  engineering materials 

however, some p la s t i c   de fo rma t ion   a lwaysoccur s  a t  t h e   c r a c k   t i p   d u r i n g  

t h e   a p p l i c a t i o n   o f  a stress. The g r e a t e r   t h i s   p l a s t i c   d e f o r m a t i o n ,  

t h e  less a c c u r a t e l y   t h e  elastic.stress i n t e n s i t y   f a c t o r   r e f l e c t s   t h e  

stress c o n d i t i o n s   a r o u n d   t h e   c r a c k   t i p .   F o r t u n a t e l y ,   t h e   p l a s t i c  

deformat ions   usua l ly   assoc ia ted   wi th   the   g rowth   of   fa t igue   c racks  are 

r e l a t i v e l y  small, and t h e  stress i n t e n s i t y   f a c t o r   c a n   b e   u s e d  

s u c c e s s f u l l y   t o   c o r r e l a t e   f a t i g u e   c r a c k   g r o w t h   d a t a ,  see re fe rences  

2 ,  9 ,  and 10. Because of t h i s   p r e v i o u s   s u c c e s s f u l   c o r r e l a t i o n ,   t h e  

e l a s t i c  stress i n t e n s i t y   a n a l y s i s  was used as a s t a r t i n g   p o i n t   f o r  

ana lyz ing   t he   f a t igue -c rack -g rowth   da t a   gene ra t ed   i n   t h i s   i nves t iga -  

t i o n .  

The bas i c   r e l a t ionsh ip   be tween  rate of   fa t igue-crackgrowth   and  

t h e  stress i n t e n s i t y   f a c t o r  was f i r s t  proposed by P a r i s ,   r e f .  9 ,  and 

i s  given by 

da/dN = f ( A K) ( 1A)  

where 

A K = %  ax  -%in ( 2A) 
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For   cen t ra l ly-cracked   shee t   spec imens   subjec ted   to  a uniformly 

d i s t r i b u t e d  axial load 

and 

sin = asmin ( a )   112  

The term a! is  a f a c t o r  which c o r r e c t s   f o r   t h e   f i n i t e   w i d t h   o f  

the  specimen  and is given by 

a =  ( sec  - .IT a )1/2 
W 

Modi f i ed   S t r e s s   In t ens i ty   Ana lys i s  

A r a t i o n a l e   f o r   c a l c u l a t i n g  a m o d i f i e d   s r e s s - i n t e n s i t y   f a c t o r  

f o r   c y c l i c   l o a d i n g   c o n d i t i o n s  was developed by Rice, r e f .  3 .  Basic 

t o   t h e  development  of t h i s   r a t i o n a l e  are the   assumpt ions   tha t   (1)   the  

c rack   does   no t   c lose   th roughout   the   loading   cyc le ,   and  (2)  t h a t  a l l  

p l a s t i c   de fo rma t ions   i nvo lve   p ropor t iona l   f l ow,  i . e . ,  components  of 

t h e   p l a s t i c   s t r a i n   t e n s o r   r e m a i n   i n   c o n s t a n t   p r o p o r t i o n   t o   o n e   a n o t h e r  

a t  each   po in t  of t h e   p l a s t i c   r e g i o n .  

Dur ing   t he   l oad ing   po r t ion   o f   t he   f a t igue   cyc le ,  a p l a s t i c  zone 

forms a t  t h e   t i p   o f  a f a t igue   c r ack .  An a n a l y t i c a l   s o l u t i o n   f o r   t h e  

stresses i n   t h e   v i c i n i t y  of t h i s   p l a s t i c   z o n e  is p r e s e n t e d   i n  

r e f e r e n c e  3. Rice proposed   tha t  when t h e   f a t i g u e   l o a d i n g  i s  reduced 

t o   t h e  minimum load ,   r eve r sed   p l a s t i c   de fo rma t ions   occu r  a t  the   c rack  

t i p  forming a new p la s t i c   zone   and   t ha t   t he  stresses i n   t h e   v i c i n i t y  

of t h i s  new p l a s t i c   z o n e  are given by a s o l u t i o n   i d e n t i c a l   t o   t h a t  

f o r   t h e   i n i t i a l   l o a d i n g ,   b u t   w i t h   t h e   l o a d i n g   p a r a m e t e r   r e p l a c e d  by 

t h e   l o a d i n g   r e d u c t i o n ,  and t h e   y i e l d  stress replaced by twice i ts  
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v a l u e   f o r   t h e   o r i g i n a l   l o a d i n g .  Rice superposed  the stress s o l u t i o n  

f o r   t h e   l o a d i n g   p o r t i o n   o f   t h e   c y c l e  (at maximum l o a d )   w i t h   t h e  

s o l u t i o n   f o r   t h e   u n l o a d i n g   p o r t i o n   o f   t h e   c y c l e   ( t o  minimum l o a d )   , t o  

ob ta in   the   magni tude   and   s ign   of   the  stresses n e a r   t h e   c r a c k   t i p  when 

t h e  minimum l o a d  i s  reached. For subsequent   loading   cyc les ,  Rice 

showed t h a t   t h e   c y c l i c   v a r i a t i o n   i n   t h e  stresses n e a r   t h e   c r a c k   t i p  

depended  only  on  the  loading  var ia t ion  ( f rom maximum l o a d   t o  minimum 

l o a d ) ,  and were independent  of  the maximum loading.   Consequent ly ,   the  

range   of   the  stress i n t e n s i t y   f a c t o r  (which r e f l e c t s   t h e   i n t e n s i t y   o f  

t h e s e   s t r e s s e s )   d e p e n d s   o n l y   o n   t h e   v a r i a t i o n   i n   a p p l i e d  stress and 

is given  by: 

A K  = a  A s ( Ra)'/* (6A) 

I r w i n ,   r e f .  4 ;  Dugdale ,   ref .  5; and Newman, r e f .6 ;   deve loped  a 

p l a s t i c i t y   c o r r e c t i o n   f o r   t h e   l i n e a r  e las t ic  s t r e s s - i n t e n s i t y   f a c t o r .  

These   th ree   inves t iga tors   deve loped   the  same b a s i c   m o d i f i c a t i o n   t o  

t h e  e las t ic  s t r e s s - i n t e n s i t y   f a c t o r ,  i . e . ,  t h e   l e n g t h   o f   t h e   p l a s t i c  

zone  ahead  of   the  crack  t ip  P w a s  added t o   t h e   h a l f   c r a c k   l e n g t h  a 

t o   c a l c u l a t e  a modified stress i n t e n s i t y   f a c t o r .  A l a r g e   q u a n t i t y   o f  

f r ac tu re   t oughness   da t a  on r e l a t ive ly   t ough  material has been 

co r re l a t ed   w i th   va ry ing   deg rees   o f   success  by us ing   the   modi f ied  

stress i n t e n s i t y   f a c t o r s ,   r e f .  6. 

The only  difference  between  I rwin 's ,   Dugdale 's ,   and Newman's 

mod i f i ca t ion  i s  the   equa t ion   u sed   t o   ca l cu la t e   t he   l eng th   o f   t he  

p l a s t i c  z o n e .   T h e i r   e q u a t i o n s   f o r   t h e   l e n g t h   o f   t h e   p l a s t i c   z o n e   i n  

f i n i t e   w i d t h   s h e e t s  are l i s t e d  as fol lows:  

15 



Values  of  the material c o n s t a n t s  A and B u s e d   t o   c a l c u l a t e  

t h e   p l a s t i c   z o n e   s i z e ,  as proposed  by Newman ( r e f .   6 ) ,  are g i v e n   i n  

the   fo l lowing   t ab le :  

7075-T6 0.693  1.025 

2024-T3 0.699  1.098 

I n   t h e   i n v e s t i g a t i o n   r e p o r t e d   h e r e i n   t h e   c o n c e p t s   o f   c y c l i c  

stress in t ens i ty   deve loped  by Rice, and  khe p l a s t i c i t y   c o r r e c t i o n  

proposed  by  Irwin,  Dugdale,  and Newman were combined t o   c a l c u l a t e  

modified stress i n t e n s i t y   f a c t o r s .   T h a t  i s ,  equa t ion  (6A) w a s  used 

t o   c a l c u l a t e  a mod i f i ed   s t r e s s - in t ens i ty   r ange .   In  making t h e s e  

ca l cu la t ions ,   however ,   t he   l eng th   o f   t he   p l a s t i c   zone  a t  the   c rack  

t i p ,  p , was added t o   t h e   h a l f - c r a c k   l e n g t h  a ,  i n   e q u a t i o n  ( 6 A ) .  

I n   c a l c u l a t i n g   t h e s e   p l a s t i c   z o n e   l e n g t h s   ( e q u a t i o n s  7A,  8A,  and  9A), 

2 0  was s u b s t i t u t e d   € o r  a and t h e   c h a n g e   i n  stress was sub- 

s t i t u t e d   f o r   t h e   a p p l i e d  stress as proposed  by Rice, r e f .  3. The 
Y Y'  

a b i l i t y  of t he   t h ree   mod i f i ed  stress in t ens i ty   r anges   ( i . e . ,   mod i f i ed  

us ing   equat ions  7A, 8A,  and 9A) t o   c o r r e l a t e   t h e   d a t a  was s t u d i e d .  
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Table 1. - AVERAGE  TENSILE  PROPERTIES OF MATERIALS  TESTED 
(1968 DATA) 

Material  Ultimate  Yield  stress Young's modulus 
tensile (0.2-percent.  of  elasticity 
strength offset) ks i 

I ksi' I ksi I 
10 100 

2024-T3  51.2 10 420 
" 

Elongation No. of 
in 2-inch tests 
gage 
length, 
percent 

12. 20 

31 20 
I 
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TABLE 2. FATIGUE  CRACK GROWTH DATA FOR 7075-T6 ALUMINUM ALLOY 

S- = 55 k s i  smax = 60 ksi 

Cycle 

533 

577 

620 

664 

699 

727 

750 

768 

782 

792 

803 

820 

830 

841 

849 

855 

861 

864 

866 

869 

S (L Cycles a 
In. 

.082 

.085 

. 089 

. w 7  

.lo5 

. u 7  

.130 

.138 

.150 

.I55 

.172 

.182 

.200 

. 2 a  

.224 

.240 

.252 

.265 

.268 

.345 

S-= 60 ksi 

Cycles a 
in. 

708 

790 

828 

888 

915 

925 

939 

951 

975 

990 

1001 

1005 

1010 

1022 

1w6 

18 1032 

1037 

.om 

.089 

. w 5  

.LE 

.l25 

.134 

.141 

.148 

.163 

.175 

.186 

.I93 

.201 

.224 

.240 

.248 

.255 

313 

347 

378 

403 

426 

448 

458 

463 

470 

479 

482 

485 

487 

489 

490 

in. 

,080 

. 0 8 5  

.io6 

.118 

.133 

.150 

.163 

.170 

.178 

.I95 

.203 

.208 

.213 

.218 

.223 

S- = 65 ksi 

Cycles a 
in. 

499 .087 

515 .W6 

530 -103 

551 .I19 

570 . I31  

590 .I55 

595 . m  
599 .la 

605 .171 

609 .176 

613 .194 

R = O  

S- = 65 k s i  

cycles a 
in. 

218 .084 
224 .wO 
234 .lo0 

246 .lo5 

249 .lo9 

254 . Y 5  

262 .l28 

269 .I33 

276 .148 

281 .158 

283 .168 

285 .178 

286 .184 

287 .186 

288 .193 

R = 0.33 

S- c 70 k s i  

Cycles a 
in. 

148 .089 

158 .W8 

166 .m 
168 . u 6  

171 .I25 

173 .133 

175 .140 

176 .146 

178 .150 

S- = 70 ksl 

cycles a 
in. 

350 .089 

370 e092 

380 .lo2 

390 .Jl4 

395 .l22 

396 .=3 

398 .I25 

399 .l26 

S- = 72.5 k s i  

cycles a 
in. 

g1 .ai 
93 .OB9 

96 .w3 

98 .095 

100 . w 9  

101 .lo2 

102 .lo5 

103 .no 
104 .117 

S = 72.5 ksi 

Cycles a 
in. 

EaX 

273 .080 

279 .081 

283 .082 

285 .085 

287 .087 



TABLE 2. (CONCLUDED) FATIGUE  CRACK GROWTH DATA FOR 7075-T6 ALUMINUM ALLOY 

R =0 .5  

Cyclas a in. 
1427 .084 
1525 .W5 

1565 .loo 

1598 .110 

1701 . E O  

1733 .I33 

1767 ,140 

1799 .I55 

1833 .170 

1868 .185 

1900 .220 

1907 .23O 

1911 .240 

1913 .250 

S- = 60 ksi 

Cycles a 
in .  

4850 0.113 

5143 .134 

5338 .152 

5434 .170 

5506 . l83 

5604 .213 

5700 .240 

5727 -260 

5751 .265 

5766 .275 

5788 .285 

5818 ,303 

5826 .310 

5850 .334 

Smax = 65 k s i  

Cycles a 
in. 

. a 3  

.og3 

. loo 

.=3 

. E 5  

.140 

.165 

.170 

.183 

.I95 

R =0.7 

Sa = 65 ks i  

Cycles a 
in. 

2695 .084 

3062 . w 5  

3341 . l l 3  

3525 -134 

3557 .148 

3571 .155 

3599 .165 

3647 .188 

3664 .196 

3674 .204 

3680 .210 

3687 .214 

s,, = 70  SI 

Cycles a 
in. 

597 .om 
640 .WO 
662 .loo 

690 .ll2 
695 . E O  

701 .125 

705 . E 9  

710 .I33 

713 .135 

715 .136 

s,, = 72.5 ksi 

Cychs a 
in. 

550 .W 

€04 .@ 
€07 .W3 

614 .W7 
620 .u 
623 . u 4  

627 .llE 
630 .126 

632 .134 

Sm = 70 kai 

Cycles a 
in. 

2638 .083 

2864 .og5 

2966 . u 4  

3054 .135 

3128 .157 

3148 .I65 

3152 .170 

3160 .I75 

3164 .179 

3167 .185 
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a 

TABLE 3. FATIGUE CRACK GROWM DATA FOR 2024-T3 ALUMINUM ALLOY 

R = 0 . 3 3  

,035  

LO. 

,035  

. Im 

.m 

. ll8 
,130 

.x4 

.I'd 

. I55 
,165 

,115 

.?IO 

. I  kel 

I". 

. DB5 

. og5 

,115 

,110 

.lP 

,1115 

.1'd 

,150 

.155 

,162 

.180 
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TABLE 3. ICONCLUOEDI  FATIGUE  CRACK GROWM DATA FOR 2024-T3 ALUMINUM ALLOY 

-le. . 
In. 

R = 0 . 5  

€8- - 52.5 *.I 

.lea 95) 

.lea 
lDBD 
995 

,218 

.x10 

.=a m 5  

.212 1z15 

.255 y19 

,250 1z4 

. 2 8  1233 

,268 

,265 1234 

.rn 
,285 

.ma 

.m 

,310 

,315 

.3B 

.33a 

,355 

. *Se 

In. 
.e 
,105 

.u5 

.m 

. uo 
,155 

,165 

,170 

,182 

.a 

R=0.7 
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Figure I. Specimen Configuration (all dimensions in  inches) 
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Figure 2. Relationship between fatigue-crack-growth and  the elastic  stress-intensity  range. 
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Figure 3. Relationship between fatigue-crack-growth  and  the  modified  cyclic  stress-intensity 
ranges  including  the  plasticity  corrections  for  the 7075-T6 alloy. 
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Figure 3. Continued. 
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Figure 4. Relationship  between  fatigue-ctack-growth and  the  modified  cyclic  stress-intensity 
ranges  including  the  plasticity  corrections  for  the 2024-T3 alloy. 
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